ILLUSTRATIONS
4. Combined annual flow and loads from the three largest rivers (Susquehanna, Potomac, and James) draining into the Chesapeake Bay Watershed for 1988-98 compared to long-term average flow and the average load 
INTRODUCTION
The ecosystem of the Chesapeake Bay has been adversely affected by nutrient enrichment. The Chesapeake Bay Program (CBP), a multi-jurisdictional restoration effort, established a goal to reduce controllable nutrient loads into the estuary by 40 percent by the year 2000. Results from the CBP watershed and water-quality models indicated that water quality would be sufficiently improved to support living resources if the 40-percent nutrient-reduction goal was met. Individual nutrient-reduction goals and associated strategies were established for the major rivers delivering nutrients to the Bay. Progress toward these reduction goals have been reevaluated by use of the watershed and water-quality models. Additionally, water-quality and living-resource data are compiled and analyzed to assess the response of the watershed to nutrient-reduction efforts. The 1998 data-analysis effort is part of an annual effort to document changes in water quality and living resources in response to Nutrient Reduction Strategies (NRS) in the Chesapeake Bay Watershed.
Two programs, the River Input Monitoring and Multi-Agency Nontidal Programs, provide information about water-quality conditions in the nontidal areas of the Bay. As part of the River Input Monitoring Program, water-quality and streamflow data are collected at nine stations near the Fall Line ( fig. 1 ). Through the Multi-Agency Nontidal Program, water-quality and streamflow data are collected by several agencies at 21 sites upstream from the River Input Program sites in the nontidal watershed ( fig. 1 ). The water-quality and streamflow data are used to determine trends in streamflow and in concentration and load of nutrients. At 15 of the 21 sites, trend calculations were completed by the U.S. Geological Survey (USGS) in cooperation with Maryland Department of Natural Resources (MdDNR), Virginia Department of Environmental Quality (VaDEQ), and Washington, D.C., Council of Governments (WashCOG); and at 6 sites by the Susquehanna River Basin Commission (SRBC) as part of the Susquehanna Nutrient Assessment Program. 
PURPOSE
This report documents the methods used to estimate trends and status in flow and nutrient and sediment concentrations and loads and presents trends in flow and nutrient and sediment waterquality data from 1985 to 1998 from nontidal sites in the Chesapeake Bay Watershed. Water-quality and biological data from the tidal portions of the Bay will be used to assess changes in water quality in response to natural conditions and implementation of nutrient-reduction strategies.
STUDY METHODS
The methods section discusses how the data sets were constructed and describes the statistical tests used to interpret trends. Water-quality constituent loads were estimated by use of a multiparameter regression model. Trends were estimated by use of both parametric and nonparametric tests.
Data Set Construction
The following section describes the sources of the water-quality and flow data, selection of constituents, record length, and estimation of missing constituents used in calculations of annual loads and trends.
Water-quality concentration and streamflow data were retrieved and compiled from the following agencies: the USGS, the U.S. Environmental Protection Agency (USEPA), the Pennsylvania Department of Environmental Protection (PaDEP), the MdDNR, the VaDEQ, the SRBC, the Interstate Commission on the Potomac River Basin (ICPRB), and the WashCOG. This effort was undertaken to update the nontidal water-quality database to include 1997 and 1998 data at the 30 sites. This database originally consisted of data from 1972 through 1992 (Langland and others, 1995) and was updated through 1996 (Langland and others, 1998) . The 30 sites analyzed as part of the 1998 Chesapeake Bay Program water-quality update are listed in table 1.
Data for a total of 38 physical, biological, and chemical water-quality constituents (table 2) were retrieved, if available, and updated for the 30 sites in table 1. These constituents include 14 nutrient species, suspended sediment, and total suspended solids. Continuous daily streamflow data were retrieved from the USGS National Water Information System (NWIS) database. The updated waterquality database and the USGS streamflow data- NOx base provided the input data files to estimate annual loads and trends. Constituent concentration data were quality assured by use of a statistical program that identified suspect remark codes (such as less than detection or greater-than values), missing dates and/or missing times associated with the sample before they were added to the database. Additionally, the raw and residual data were visually examined before their use in the various trend and load analysis programs.
The following nitrogen, phosphorus, and sediment/solids species were tested for trend and have estimated annual loads where applicable. Because of analytical differences between SED and TSS determinations, SED concentrations tend to be higher and more variable than TSS concentrations (Kammerer and others, 1998) . Therefore, caution should be used when comparing the two. In some data sets, water-quality records were missing for some constituents. Where possible, the concentration of missing constituents was calculated from the reported species of the constituent. For example, if the concentration of total nitrogen was missing, an estimated value was obtained by adding total Kjeldahl (total organic nitrogen plus total ammonia) and total nitrite plus nitrate. If total nitrite plus nitrate was missing, the sum of the total nitrite and total nitrate was used if available. If more than one of the nitrogen species used in calculating total nitrogen was below the detection limit, the estimated value was not determined or reported as less than the combined minimum reporting limit. In some data sets, total nitrogen and total phosphorus are calculated as the sum of the particulate and dissolved constituents. The concentration of missing constituents was estimated ONLY for input data files used to calculate loads and trends. Missing values in the statistical database were not populated. For trend results to be most useful for the 1998 water-quality update, the time series would ideally begin in January 1985 and end in December 1998. Shorter time-series data are acceptable, however, if they meet certain criteria. For both the ESTIMATOR model and any trend test, the data set must contain a minimum of 10 years and 100 "monthly" samples, or a mixture of monthly and quarterly data with at least 10 years and 75 samples with no date gaps greater than 3 months. Loads and trends were estimated on data sets for any time periods of 10 years or greater starting between January 1985 and January 1989 and continuing through December 1998.
Data Analysis
A brief description of the model used to estimate loads (ESTIMATOR), the statistical tests used to compute trends (linear regression, Seasonal Kendall, and Kendall-Theil), and procedures used with censored data are presented below.
ESTIMATOR Model
The loads of nutrients, suspended sediment, and total solids were estimated by use of the USGS 7-para-meter, log-linear regression model (ESTI-MATOR) developed by Cohn and others (1989) . The model uses the Minimum Variance Unbiased Estimator (MVUE) developed by Bradu and Mundlak (1970) to correct for retransformation bias associated with log-linear regression. The adjusted maximum likelihood estimator (AMLE) (Cohn, 1988 ) is used to assign concentrations to censored data, which are data below a detectable limit. The model is of the form:
where In is the natural logarithm function;
Cis measured concentration, in milligrams per liter; Q is measured streamflow, in cubic feet per second; _ _7is time, measured in decimal years; Q and T are centering variables for streamflow and time; P x are parameters estimated by ordinary least squares (non-censored data) and minimum variance (censored data); and Po is a constant; Pi and P2 describe the relation between concentration and flow; P3 and P4 describe the trend in concentration data; P5 and P6 describe seasonal variation in concentration data; and e is combined independent random error, assumed to be normally distributed with zero mean and variance o^ .
Linear Regression
Linear regression is a parametric test that approximates the relation between two continuous variables. A linear trend is estimated by regressing a response variable (for example, flow or load) as a function of an explanatory variable (such as time). It is important that residual plots meet the assumptions of normality, constant variance, linearity, and independence. In most cases, data must be logtransformed in order to improve linearity. If this transformation is used, the residual plots again must be checked for normality, constant variance, linearity, and independence. When the assumptions are met, a null hypothesis of zero slope over time is tested. If the slope is significantly greater than zero, the null hypothesis is rejected, and the conclusion is that a linear trend over time has occurred. Because the regression model does not account for the error and dependence in the estimates, a conservative p-value of 0.01 or less was considered significant. The magnitude (percentage change over time) was estimated from the equation [e(bn)-l] *100 where b is the slope and t is the time, in years. The upper and lower bounds, representing the 95-percent confidence interval around the magnitude, also were calculated. Helsel and Hirsch (1992) provide additional discussion for applying regression techniques to surface-water data.
Seasonal Kendall Test
The Seasonal Kendall (SK) test (Hirsch and others, 1982 ) is a nonparametric test for a monotonic linear trend that is resistant to outliers and is not dependent on the normality of the data set. By comparing only the data from similar seasons (monthly data used in the study), the test also reduces seasonal effects on concentrations when testing for trend. If the later value in time is larger, then a plus is recorded; if the later value in time is smaller, then a minus is recorded. The test statistic is computed as the difference between the total number of pluses (increases in time) and the number of minuses (decreases in time). If the test statistic is 0, then there is no change (no trend) in time. As the test statistic increases or decreases from 0, the probability of a seasonal trend also increases. A p-value of 0.05 or less was considered significant.
Kendall-Theil Trend Analysis
The Kendall-Theil (KT) analysis is also a nonparametric test for a monotonic linear trend by use of pairwise comparison and a Kendall's tau test for significance, similar to the SK test. The KT analysis differs from the SK test, however, in how it adjusts for seasonality. The SK test accounts for seasonality by calculating pairwise slopes on data within the same season; the overall trend slope is computed from the median of these seasonal slopes. The KT analysis accounts for seasonality by first obtaining residuals from an MVUE regression that includes seasonality terms. The trend slope is then determined by calculating pairwise slopes on the residual data for the entire period of study and computing the overall median of these slopes (Helsel and Hirsch, 1992) . This approach allows increased power in the slope estimate for the KT test over the SK test. Flow-adjusted and seasonadjusted residuals from the ESTIMATOR model (with date terms 63 and 64 removed) were used as input to the KT analysis to estimate an adjusted trend in concentration. For censored data, a range in slope and magnitude was defined by twice computing the median slope first, with censored data equal to zero, and second, with censored data equal to the maximum detection limit (Helsel and Hirsch, 1992) . The magnitude was computed from the formula [bn/C-(bn/2)j, where b is the slope, n is the number of data points, and C is the intercept (predicted concentration at center of flow) (Cohn and others, 1989) . The upper and lower error bounds were calculated from the ranked slopes that correspond to the 95-percent confidence level. A p-value of 0.05 or less was considered significant.
Detection and Trend Reporting of Censored Data
The presence of a large number of censored values (values reported below the detection limit) in a data set can adversely affect the estimation of load and trend slope by not allowing for corrections because of variations in streamflow. In the ESTIMATOR model, values were assigned to the censored data by use of the AMLE (Cohn and others, 1989 ).
The following decisions were presented to the Data Analysis Work Group (DAWG), a workgroup of the Monitoring Subcommittee of the Chesapeake Bay Program, and approved for use with the tests for trend. These decisions are based on current USGS computer program analysis (Shertz and others, 1991) and work by Helsel and Hirsch (1992) .
<5 percent censored data -censored values will be assigned one half of the detection limit. For all trend tests, the p-value, the slope estimate, and the magnitude (percentage change over time) will be reported.
Between 5 and 20 percent censored data -three separate trend analysis tests of the data will be performed. First, on the raw data file with censored data set to half the detection limit (both KT and SK); second, all censored data set to 0 (KT only); and third, all censored data set to the detection limit (KT only). In these instances, the highest p-value, the range in slope estimate, and a range in the magnitude of the trend will be reported. >20 percent censored data -trend results will not be reported.
TRENDS IN FLOW AND WATER-QUALITY CONDITIONS
Trends in water quality were estimated by use of parametric and nonparametric statistical tests described earlier in this report. The parametric test involved a regression of nontransformed and transformed data with time. Nonparametric tests used nontransformed data and included the SK and KT. The SK test was used to estimate trends in streamflow and loads and was used to compare with linear regression trends. Analysis for trend was performed on the following: monthly-mean flow monthly load flow-weighted concentrations (FWC), and flow-adjusted concentrations (FAC) Each of the above trends provide a unique perspective on the changes in water quality within the Chesapeake Bay Watershed. These trends can be used to help document water-quality changes as a result of both natural and human-induced influences and can be used as indicators of improvement or lack of improvement of that quality within the Bay Watershed.
Monthly-Mean Streamflow
Trends in monthly-mean flows indicate the changes in hydrology (streamflow) over time. Fluctuations in streamflow affect the observed concentrations of nutrients and the average loads and concentrations of these constituents delivered to the tidal estuaries. Changes in streamflow also affect water quality and living-resource responses in the estuary. The trend in flow was calculated by use of a regression (log flow) with time. Trends were reported only for those sites where the residuals of the model met the assumptions of normality, constant variance, linearity, and independence.
Significant upward trends in streamflow ( fig. 2 and Appendix 1) occurred at 12 sites. The sites are concentrated in the middle and lower areas of the Potomac River Basin, where significant flooding occurred in 3 of the last 4 years. None of the 30 sites in the basin showed a downward trend in streamflow. For comparison, the SK test (monthly) also was performed at all sites, and where trends were significant by use of the SK, trends also were significant by use of the regression model. However, because parametric tests tend to have more power to detect trends than do nonparametric tests, some sites had not-significant trends by use of SK where the parametric test indicated a significant trend. In no cases did the results indicate trends in opposing directions.
Monthly Load
The constituent load is highly related to and dependent on flow. The load represents the amount of a given constituent transported and delivered downstream, eventually reaching the tidal estuaries. A trend in load will aid in explaining water-quality and living-resource changes in the tidal estuaries and assessing the effectiveness of Nutrient Reduction Strategies. Linear regression of log-transformed monthly loads from ESTIMA-TOR as a function of time was used to test for trend. In most cases, the regression produced normally distributed residuals. In an average flow year, the three largest rivers draining to the Bay (the Susquehanna, the Potomac, and the James) deliver about 87 percent of the streamflow and about 96 percent of the nitrogen, 91 percent of the phosphorus, and 93 percent of the suspended sediment or total solids loads into the Chesapeake Bay (Langland and others, 1995) . During the period of study, flow for 3 of the last 4 years has exceeded the long-term average flow at the three largest rivers ( fig. 4 ).
Flow-Weighted Concentrations
A trend in monthly flow-weighted concentrations represents a trend that is NOT adjusted for the effects of streamflow. This approach can be useful in comparing trends from nontidal sites to sites in the tidal tributaries and mainstem of the Bay. lated by dividing the total monthly load (from ESTIMATOR) by the monthly streamflow. Because ESTIMATOR uses the daily streamflow record, a daily concentration can be estimated and summed between sampling dates, and used to represent a "flow-weighted" monthly concentration, which may be more representative of the true monthly mean concentration. For example, in figure 5 , the observed concentration of total nitrogen is 1.0 mg/L, not weighted for flow. This is based on the one sample collected per month. When weighted for streamflow, however, the concentration (from ESTIMATOR) increases to 2.2 mg/L. It is important to account for the flow variability because the volume of flow occurring in short periods between sample intervals is likely to have a more pronounced and long-lived effect on average concentrations in the tidal estuaries and other mixed receiving areas. Therefore, a flow-weighted concentration should provide a more accurate estimate of the monthly mean concentration and may correlate better with trends in estuarine concentrations. Monthly flow-weighted concentrations were tested for trend by use of linear regressions. In most cases, the regression produced normally distributed residuals. In some cases, the trend was significant, with non-normal residuals. This precludes the use of linear regression. In these cases, the KT test was used ("Test" column in Appendix 2).
Trends for flow-weighted TN concentrations were downward at 13 sites distributed in nearly all 10 major drainage basins ( fig. 6 and Appendix 2). Trends for flow-weighted NOx concentrations were downward at five sites and were upward at six sites (Appendix 2). At only one of the six NOx sites with upward trends was the TN trend also upward. Trends in flow-weighted TP concentrations were downward at 16 sites ( fig. 6 ). Data for one site, on the North Fork Shenandoah River, indicated an upward trend in TP. For TSS or SED, trends were upward at only two sites, one in the Patuxent River Basin, the other in the Potomac River Basin (Appendix 2). 
Flow-Adjusted Concentrations
Concentrations of water-quality constituents are commonly correlated with streamflow. The cause of this relation varies between the constituent and the individual basin. For example, in point-source dominated basins, the input of many constituents is relatively constant. Increases in basin streamflow will most likely result in decreasing concentrations of these constituents as a result of dilution. In contrast, in nonpoint-source dominated basins, constituent concentrations entering the stream from overland flow will most likely increase as streamflow increases (Shertz and others, 1991) . This flow-related variability must be removed to obtain flow independent water-quality concentrations that allow for examination of changes in water quality resulting from human activities. Flow-adjusted trends are the best indicator of human-induced changes affecting water quality within a watershed. To determine the trend in flow-adjusted concentration, observed concentration data were adjusted for season and streamflow by use of a 5-parameter ESTIMATOR model. This model is identical to the 7-parameter load model except the date and date-squared terms are removed. Values for multiple samples collected on the same day were averaged, and the resulting residual data set was input into the KT test.
Results from the KT test indicate trends in TN and NOx concentration adjusted for flow were downward at 19 and 12 of the 30 sites, respectively, occurring in nearly all major Chesapeake Bay drainage basins ( fig. 7 and Appendix 3). While only two sites had upward trends in TN, seven sites had upward trends in NOx. Trends in flowadjusted TP concentrations were downward at 21 of the sites, with only 1 site showing an increase. The only significant upward trend for TSS or SED was in the Patuxent River Basin; trends were downward at five sites in Maryland and Virginia. As a result of flow and adjustment, an additional five TN and six TP sites indicated significant trends in concentration.
In investigations from previous years (Langland and others, 1998), trends in flow-adjusted concentration were estimated by use of the date coefficient from the 7-parameter ESTIMATOR model. This method has been questioned because of perceived log-transformation bias. As a result of testing and comparing to other methods, the ESTI-MATOR does appear to be valid for quantifying trends (although trend results from ESTIMATOR were not used in this report). The percentage differences between statistically significant trend magnitudes by use of the ESTIMATOR and KT are shown in figure 8. The median difference (absolute values) is about 7 percent for TN, 21 percent for NOx, 20 percent for TP, 12 percent for DP, and 25 percent for SED/TSS. A total of 126 trend results were compared; 114 agreed in both significance and direction. There were no cases of opposing significant trends.
STATUS OF FLOW AND WATER-QUALITY CONDITIONS
Status is a measure of current water-quality conditions. In order to help facilitate comparison of current water-quality conditions among basins in the Chesapeake Bay Watershed, a mean annual yield (based on annual loads from ESTIMATOR divided by the drainage area) and a median flowweighted concentration were calculated at each of the 30 stations presented in this report.
Mean Yield
The "status" of current yields was assessed by station and constituent at the 30 sites in this study. As requested by DAWG, this "status" assessment was based on a 3-year mean of annual yield for the years 1996,1997, and 1998 (if not available, then the last 3 years of record) and was determined as follows:
1. Compile the 3-year yield data by station and constituent, 2. Determine the 5th-and 95th-percentile for each constituent by use of available data from the 30 sites, 3. Subtract the 95th-percentile value from each status yield for each constituent, 4. Subtract the 5th-and 95th-percentile values for each constituent, and 5. Divide the result from (3) by the result from (4) and multiply by 100.
The above procedure transforms the status yields of each constituent at the 30 sites into percentages between 0 and 100. The percentages were subtracted from 100 to allow a simple comparison between basins, because the lower the percentage, the lower the yield. Status yields and percentage for the 30 sites are presented in Appendix 1. As previously reported (Langland, 1995) , the areas with the highest nitrogen yields also contain higher percentages of land in agriculture with some association to carbonate rock type; lower yields coincide with higher percentages of forest land.
Median Concentration
The "status" of current water-quality concentrations was determined by station and constituent at the 30 sites. This status was based on the median concentration for the period 1996-98 or the last 3 years of record. The same procedure discussed above for status yields was used to compare median concentration. The status of the concentrations and percentages for the 30 sites are presented in Appendixes 2 and 3. Similar to the yields, the areas having the highest nitrogen concentrations also have higher percentages of land in agriculture; lower concentrations coincide with higher percentages of forest land.
SUMMARY
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